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ABSTRACT
Supernova remnants (SNRs) are thought to be one of the major acceleration sites of galactic cosmic rays
(CRs) and an important class of objects for high-energy astrophysics. SNRs produce multi-wavelength, non-
thermal emission via accelerated particles at collisionless shocks generated by the interactions between the
SN ejecta and the circumstellar medium (CSM). Although it is expected that the rich diversities observed in
supernovae (SNe) and their CSM can result in distinct very-high-energy (VHE) electromagnetic signals in the
SNR phase, there are only a handful of SNRs observed in both GeV and TeV γ-rays so far. A systematic un-
derstanding of particle acceleration at SNRs in different ambient environments is therefore limited. Here, we
explore non-thermal emission from SNRs in various circumstellar environments up to 5000 yrs from explosion
using hydrodynamical simulations coupled with efficient particle acceleration. We find that time-evolution
of emission characteristics in the VHE regime is mainly dictated by two factors; the number density of the
target particles and the amplified magnetic field in the shocked medium. We also predict that Cherenkov Tele-
scope Array (CTA) will have a sufficient sensitivity to detect VHE γ-rays from most young SNRs at distances
<∼ 5.0 kpc. Future SNR observations with CTA will thus be promising for probing the CSM environment of
SNe and hence their progenitor properties, including the mass loss history of massive stars.
Subject headings: acceleration of particles, cosmic rays, radiation mechanisms: non-thermal, ISM: supernova
remnants
1. INTRODUCTION
Since Baade & Zwicky (1934) suggested the relation be-
tween supernovae (SNe) and cosmic-rays (CRs), supernova
remnants (SNRs) have been studied as the accelerators of
Galactic CRs below the “knee” energy (∼ 3PeV). One of
the most successful theories currently for the particle acceler-
ation mechanism is the so-called diffusive shock acceleration
(DSA) (e.g., Fermi 1949; Drury 1983; Caprioli et al. 2010a,b)
which has been widely studied in the last couple of decades,
nevertheless there still remains much to be understood in the
details of the microphysical processes.
SNRs are commonly detected in multi-wavelength observs-
tions and some have been found to shine in a broad range of
frequencies from radio all the way to TeV γ-rays. In gen-
eral they emit broadband non-thermal electromagnetic radia-
tion due to their interactions with the interstellar matter (ISM)
or circumstellar medium (CSM). The radio and non-thermal
X-rays are believed to be produced by relativistic electrons
through synchrotron radiation. The γ-rays can originate from
both relativistic electrons through inverse Compton scatter-
ing (IC) and bremsstrahlung, as well as by relativistic pro-
tons through the pi0-decay channel from proton-proton inelas-
tic scatterings, which are usually regarded as the leptonic and
hadronic processes, respectively.
Fig. 1 shows the spectral energy distribution (SED) of SNRs
which have been observed so far in the GeV to TeV energy
range. The upper panel shows the overall SED from radio to
1 PeV, and the lower panel shows the γ-ray SED from 10 MeV
to 1 PeV. In most cases, the radio and non-thermal X-ray spec-
trum can be satisfactorily reproduced by a synchrotron origin
regardless of SNR age, but the differences in the observed γ-
ray spectra among these SNRs are remarkable. Whether the
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γ-rays are produced by either hadronic or leptonic (or both)
channel has a large implication on the particle acceleration
mechanism, such as the injection efficiencies of the supra-
thermal particles, the maximum energy of the accelerated par-
ticles, and the overall acceleration efficiency. These aspects
can vary significantly among different individual SNRs de-
pending on their ambient environment, age and progenitor
system which need to be fully understood in a consistent pic-
ture in order to examine the SNR population as a dominant
source of Galactic CRs. However, the model interpretation is
still often found to be controversial and remains to be a sub-
ject for discussion.
A general picture has been proposed by recent works (e.g.,
Yuan et al. 2012) that the observed properties of the γ-ray
emission from SNRs are mainly determined by the gas den-
sity in the their surrounding environments, i.e., the dominant
component of the γ-ray flux is IC if the SN occurred in a rela-
tively tenuous medium, while the pi0-decay component dom-
inates in a denser medium such as a molecular cloud.These
results, however, are usually based on phenomenological fit-
ting of the observed photon SED from individual SNRs using
simple one-zone models. From the theoretical point of view,
previous works (e.g., Fang & Zhang 2008; Tang et al. 2016;
Gaggero et al. 2018) also follow the long-term time-evolution
of broadband emission, but assumptions and simplifications
like one-zone hydrodynamical model and simple power-law
CR spectrum are usually employed in these calculations. Cur-
rently, there are few studies that follow the long-term time
evolution of the broadband emission together with the hydro-
dynamical evolution of the SNRs coupled to a self-consistent
treatment of DSA at the shocks. Here, using a multi-zone hy-
drodynamical simulation coupled with an efficient particle ac-
celeration, we generate a grid of evolutionary models of SNRs
interacting with various kinds of ISM/CSM environments up
to a few 1000 yrs over an observation-based parameter space.
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2FIG. 1.— Upper panel: multi-wavelength SED of the SNRs whose γ-ray
flux is detected. The color of data points almost represents the SNR age, the
redder the color become, the older the age of SNRs become. Lower panel:
the same plot as the upper panel, but energy range is from 10 MeV to 1 PeV.
Our results are analyzed to explore general trends in the char-
acteristics of the time-evolving SED that can be used in the
future as a probe of the structure of the surrounding environ-
ment. Based on our results, we also predict the observabil-
ity of typical young core-collapse and Type Ia SNRs by the
upcoming ground-based VHE γ-ray observatory Cherenkov
Telescope Array (CTA) .
In section 2, we introduce our numerical method for the
evolutionary model of SNRs and the range of models adopted
for the ambient environment. Section 3 describes our results
and interpretations from the calculation, including the time-
evolution of the SNR dynamics and the multi-wavelength
spectra, and comparison to the currently available observa-
tional data. Concluding remarks and summary can be found
in Section 4.
2. METHOD
2.1. Simulation code and included physics
We develop a hydrodynamical code to investigate the effect
of CSM interaction on the long-term evolution of non-thermal
radiations from SNRs. The code performs 1-D spherically
symmetric hydro simulations on a Lagrangian mesh based on
the VH-1 code (e.g., Blondin & Ellison 2001) coupled with
a semi-analytic non-linear DSA (NLDSA) calculation (see,
e.g., Blasi 2004; Caprioli et al. 2010a,b) similar to the frame-
work first introduced in the CR-hydro-NEI code (see, e.g.,
Lee et al. 2012). The time-evolution of the SNR is numer-
ically calculated through a Lagrangian hydrodynamics sim-
ulation starting from a self-similar model for the SN ejecta
as initial condition. The expansion of the SNR into what-
ever ambient environment adopted in a model is then followed
by the hydro simulation, from which the shock dynamics is
traced in real-time as an input for a NLDSA calculation. The
NLDSA part provides a solution for the accelerated CR which
feedbacks to the hydrodynamics through an effective gamma
approach, i.e., a modified equation-of- state in the shocked
medium (Blondin & Ellison 2001), as well as the occurrence
of a shock precursor.
NLDSA is sensitive to the shock velocity and the gas den-
sity and the magnetic field strength in the upstream environ-
ment, so we improve their code to calculate the DSA process
and its hydrodynamical feedbacks at the shock every time the
shock sweeps up gas in a new (unshocked) grid. This is par-
ticularly important in the case of a structured ambient medium
such as a confined CSM due to an episodic mass loss from a
massive star (see, Section 3.4).
In the NLDSA calculation, we obtain the phase-space dis-
tribution function f(x, p) of the accelerated protons by solv-
ing the following diffusion-convection equation written in
the shock-rest frame (e.g., Caprioli et al. 2010a,b; Lee et al.
2012), assuming a steady-state 2 distribution isotropic in mo-
mentum space,
[u(x)− vA(x)]∂f(x, p)
∂x
−Q(x, p) =
∂
∂x
[
D(x, p)
∂f(x, p)
∂x
]
+
p
3
d[u(x)− vA(x)]
dx
∂f(x, p)
∂p
,(1)
where D(x, p), u(x), vA(x) are the spatial diffusion coeffi-
cient, gas velocity and Alfve´n speed in the shock-rest frame
at each position x. Hereafter, we label each quantity with
a subscript ‘0’, ‘1’, and ‘2’ denoting values at far upstream
(x = −∞), immediately upstream (x = 0−), and immedi-
ately downstream (x = 0+) from the shock, respectively. We
assume a Bohm diffusion for the accelerating particles in this
work, such thatD(x, p) = pc2/3eB(x), whereB(x) is the lo-
cal magnetic field strength at position x. The magnetic field is
self-consistently calculated with magnetic field amplification
(MFA) due to self-generated turbulence through resonant CR
streaming instability (e.g., Bell 1978; Caprioli et al. 2009b).
Following Blasi (2004) and Blasi et al. (2005), we adopt the
‘thermal-leakage’ injection model for the DSA injection rate
Q(x, p) such that
Q(x, p) = η
n1u1
4pip2inj
δ(x)δ(p− pinj), (2)
where η = {4/(3√pi)}(Ssub−1)χ3inje−χ
2
inj and Ssub = (u1−
vA,1)/(u2 + vA,2) is the effective compression ratio that the
streaming particles experience at the sub-shock position (x =
0). pinj ≡ χinj
√
2mpkbTp is the DSA injection momentum,
wheremp = 1.6×10−24 g is the mass of the proton, Tp is the
proton temperature, and χinj is a free parameter constrained
by observations. By solving eq. (1), The distribution function
at the shock position with a cutoff at a maximum momentum
2 We consider that it is reasonable to use the steady-state approximation
as long as the dynamical time-scale of the SNR is longer than the DSA
acceleration time-scale tacc. Known young SNRs are found to acceler-
ate protons up to a maximum momentum ∼100 TeV/c or below, so that
tacc ∼ D/u2 ∼ 1(p/100 TeV/c)(B/100 µG)−1(u/3000 km/s)−2 yr,
where D, u, p, B are the diffusion coefficient, the shock velocity, the par-
ticle momentum, and the amplified magnetic field. We find that the above
condition can be satisfied within the scope of our models.
3pmax can be written in implicit form as below,
f1(p) = f(x = 0, p)
=
3Stot
StotU(p)− 1 ×[
ηn0
4pip3inj
exp
(
−
∫ p
pinj
dp′
p′
3StotU(p
′)
StotU(p′)− 1
)]
×
exp
{
−
(
p
pmax
)α}
,(3)
where Stot = (u0 − vA,0)/(u2 + vA,2) is the effective to-
tal compression ratio of the CR-modified shock. The explicit
expressions of u(x), vA(x), U(p) can be found in Lee et al.
(2012) and reference therein. The parameter α describes the
rollover shape near the high-energy cutoff which serves as a
parametrization of the poorly understood escape process of
the accelerated particles.
As for the electrons whose gyroradii are much smaller at
thermal energies, the injection mechanism and efficiency rel-
ative to their proton and ion counterparts at strong collision-
less shocks are still not fully understood, although a few first-
principle kinetic simulations have shed new light onto this
topic recently (see, e.g., Matsumoto et al. 2017, and reference
therein). In this work, we constrain the electron-to-proton
number ratio (Kep) at relativistic momenta below the cutoff
by currently available data from multi-wavelength observa-
tions. Current observations of young γ-ray emitting SNRs
have constrained Kep to a range of a few 10−4 to ∼ 10−2
(e.g., H. E. S. S. Collaboration et al. 2018). In this work,
we adopt a Kep by performing calibrations against data from
prototypical Type Ia and core-collapse (CC) SNRs (see Sec-
tion 3.1).
The maximum momentum of the accelerated protons is
constrained by a number of physical conditions as described
below, and its value is taken to be the minimum of the mo-
menta obtained by applying these conditions, i.e., pmax,p =
min{pmax,age, pmax,feb}, which changes with time as the
shock propagates and evolves. The condition for pmax,age
(age-limited) comes from the comparison of the SNR age tage
with the DSA acceleration time-scale tacc. An approximate
expression for tacc can be written as
tacc ≈ 3
u0 − u2
∫ pmax
pinj
dp
p
(
D0(p)
u0
+
D2(p)
u2
)
, (4)
where D0(p) (D2(p)) is the diffusion coefficient at far up-
stream (immediate downstream) from the shock.
The condition for pmax,feb (escape-limited) comes from
the spatial confinement of the accelerating particles, i.e., a
comparison of the particle diffusion length Ldiff with a free-
escape-boundary (FEB) set at a distance Lfeb upstream from
the sub-shock. Here Lfeb = ffebRsk where ffeb is typically
taken between 0.1 and 0.2 motivated by currently available
models of SNR observations (e.g., Caprioli et al. 2009a; Lee
et al. 2012). We fix ffeb at 0.1 in this study 3. Ldiff can be
obtained by the following expression,
Ldiff =
〈
D(x, pmax)
u(x)
〉
=
∫ 0
−Lfeb
dx
Lfeb
D0(x, pmax)
u(x)
. (5)
3 In our models, pmax is typically constrained by age-limited for a tage ≤
100 yr, and then becomes escape-limited afterwards. The exact timing of the
transition depends on the ambient medium in which the SN ejecta expands
into in the early phase (see Fig. 5 and 7).
For electrons, pmax,e is further restricted by the effi-
cient energy loss due to radiation (loss-limited), that is
pmax,e = min{pmax,age, pmax,feb, pmax,loss}. The condition
for pmax,loss (loss-limited) derives from the comparison of
the acceleration time-scale tacc with the time-scale of en-
ergy losses from non-thermal emission tloss. Typically, syn-
chrotron radiation and IC dominate the energy loss of rela-
tivistic electrons, hence we can obtain tloss as follows,
tloss =
3mec
2
4cσTUB,2γ
1 + Np∑
i=1
Wiγ
2
k,i
UB,2(γ2 + γ2k,i)
−1 , (6)
where UB,2 = B22/8pi is magnetic field energy density
in downstream and σT, γ are the Thompson cross section
and electron Lorentz factor respectively. Np is the num-
ber of components of external photon fields and γk,i =
0.53mec
2/kbTi is the critical Lorentz factor. Wi, Ti are the
energy density and effective temperature of the i-th compo-
nent of the seed photon fields. In this study, we only con-
sider the cosmic microwave background radiation (CMB) as
the target photons for simplicity, so Wi = 0.26 eV cm−3 and
Ti = 2.7 K.
After the particles are accelerated at the shock, they ad-
vect with the gas flow in the downstream region assuming
an effective trapping by the strong, amplified magnetic tur-
bulence. During the advection, they lose energy in the mean-
time through non-thermal emission due to interactions with
the shocked ISM/CSM, and the adiabatic expansion of the
SNR. Following Sturner et al. (1997), the radiation loss mech-
anisms include synchrotron radiation, bremsstrahlung, IC for
electrons, and an addition of pion productions for protons.
Coulomb loss is not included in this work but can be impor-
tant for sub-GeV γ-ray emission.
Using the calculated proton and electron spectra in each
position at any given age, we can then calculate the broad-
band non-thermal emission spectra. Our code includes syn-
chrotron, IC, thermal and non-thermal bremsstrahlung and
pi0-decay emission by the accelerated particles, taking also
into account the additional contributions from secondary elec-
trons and positrons on the synchrotron, IC and non-thermal
bremsstrahlung components. We apply eq. (D1)-(D7) in Aha-
ronian et al. (2010) to calculate the volume emissivities for
synchrotron radiation, eq. (29)-(33) in Sturner et al. (1997)
for IC, eq. (26)-(28) in Sturner et al. (1997) for non-thermal
electron-proton bremsstrahlung, eq. (A1)-(A7) in Baring et al.
(1999) for non-thermal electron-electron bremsstrahlung, and
the parametrized model presented in Kamae et al. (2006) for
the pi0-decay γ-ray emission. The code also computes the
thermal bremsstrahlung emission using eq. (5.14) in Rybicki
& Lightman (1986). For this component, we assumed that the
shocked gases are fully ionized after shock-heating so that the
electron number density is ne(x) = (1 + fHe) × ρ(x)/µmp,
where µ = 1.4 is the mean molecular weight assuming the
number fraction of helium fHe is 10% of hydrogen in the am-
bient medium.
The shock-heated proton and electron temperatures are as-
sumed to be proportional to the mass number for a collision-
less shock, and they are further evolved in the downstream
due to adiabatic cooling/heating and equilibration through
coulomb collisions (i.e. eq. 5-31 in Spitzer 1965). We also
include free-free absorption and synchrotron-self absorption
with eq. (5.18) and (6.50) in Rybicki & Lightman (1986)
which are important in the radio band. The treatment of sec-
4ondary electron/positron production through pi+/− decay and
subsequent photon emission follows the method described in
Lee et al. (2015).
After the SNR has entered the radiative phase, the shock
slows down to an extent that DSA is expected to be inefficient
relative to the younger stages (see, however, Lee et al. (2015)
and reference therein for a discussion on GeV-bright middle-
aged SNRs). We do not treat the physics involved in radiative
shocks in this work, and the simulations are terminated before
the SNR becomes radiative. For all cases, we run the models
up to an age of 5000 yr which is still within the Sedov-Taylor
phase. We also do not consider the acceleration of heavy ions
and possible DSA at the reverse shock in this study. These
aspects will be discussed in future works.
2.2. Models for the surrounding environment
In this study, we look at two classes of simple but repre-
sentative models for the ambient medium around a SNR. In
Model A and its variants, we consider a uniform ISM-like en-
vironment which is usually expected for a Type Ia SNR (with
exceptions),
ρ(r) =µmpnISM, (7)
B(r) =B0, (8)
where nISM, B0 are the ISM proton number density and mag-
netic field. We use an exponential profile for the SN ejecta in
these models (Dwarkadas & Chevalier 1998).
Model B and its variants adopt a power-law spatial distri-
bution for the density in the ambient gas, which mimics the
CSM created by a non-episodic isotropic stellar wind from a
massive star prior to core-collapse supernova (CCSN) (Elli-
son et al. 2012, and references therein),
ρ(r) =
M˙
4piVw
r−2, (9)
B(r) =
(σwVwM˙)
1/2
r
, (10)
where M˙, Vw, σw are the mass loss rate, wind velocity
and the ratio between the magnetic field energy density and
the wind kinetic energy density, i.e., σw ≡ PB/Ekin,w =
(B2/8pi)/(ρV 2w/2). We use a flat core with power-law enve-
lope profile for the ejecta in these CCSN-like models (Tru-
elove & McKee 1999). In both classes of models, we assume
that the gas velocity and temperature of the unshocked mate-
rial are constant in space.
In Model C, we investigate the case of a non-steady mass
loss history from a massive star in which a dense shell (or
confined CSM) surrounding the ejecta is created due to mass
ejection from the stellar envelope during the course of a few
hundred years before the CC onset. The CSM is represented
by a simple combination of two wind profiles where the one
in the inner region having a higher density, as below,
ρ(r) =
M˙
4piVw
r−2 (Rtr < r)
=
M˙2
4piVw,2R2tr
(
r
Rtr
)−npl,2
(r ≤ Rtr), (11)
where M˙2, Vw,2, npl,2 are the mass loss rate, velocity and
power-law index of the wind profile from an enhanced mass
loss, and Rtr is the transition radius between the normal wind
FIG. 2.— Upper panel: the solid line shows the calculated density distribu-
tion from Model A0 at an age of 446 yr. The color bands show the observed
ranges of FS (red), CD (green) and RS (blue) radii of Tycho’s SNR taken
from Warren et al. (2005). The orange band indicates the extent of expected
R-T mixing (Wang & Chevalier 2001). The dashed line is the results from an
identical model but without including CR feedback. Lower panel: the corre-
sponding calculated non-thermal SED decomposed into its individual emis-
sion components, including synchrotron (blue solid), thermal bremsstrahlung
(orange dash-dot-dotted), non-thermal bremsstrahlung (green dash-dotted),
IC (magenta dashed) and pi0-decay (red dotted). The data points show the
currently available observed fluxes - radio observations (Kothes et al. 2006,
dotted), X-ray observations by Suzaku (Giordano et al. 2012, and references
therein, square) and Swift/BAT (Troja et al. 2014, triangle), and γ-ray ob-
servations by Fermi-LAT (Giordano et al. 2012; Archambault et al. 2017,
rhombus) and VERITAS (Acciari et al. 2011; Archambault et al. 2017, cross).
and the confined CSM region. As typical values, we con-
sider an episode that an enhanced mass loss ejection with
Vw,2 ∼ 1000 km/s occurred during the last ∼ 1000 yr before
explosion, and Rtr ∼ 1.0 pc.
3. RESULTS AND DISCUSSION
3.1. Calibration models
To cross-check the robustness of the code and its capabil-
ity of reproducing observations, we first consider two mod-
els, A0 and B0, with parameters chosen to match the multi-
wavelength observation data of the Ia SNR Tycho and the CC
SNR RX J1713.7-3946 (hereafter RX J1713) based on the
multi-wavelength emission model from previous hydro sim-
ulations presented in Slane et al. (2014) and Lee et al. (2012),
respectively. Model A and B and their variants will then be
generated based on these observationally calibrated models
by varying the ambient environment.
Tycho is identified to be the remnant produced by the histor-
ical supernova SN1572 which is classified as a Type Ia from
its light-echo spectrum, chemical abundance pattern inferred
from the X-ray spectrum and so on. Although it has been
suggested that the ambient density around Tycho has an az-
imuthal gradient (Williams et al. 2013), we here assume a
uniform ambient medium for simplicity. Fig. 2 shows the hy-
5FIG. 3.— Results from Model B0. The format is the same as Figure 2. A
normalization factor fnorm = 0.7 has been applied to all calculated emis-
sion components to match the observed flux. Data points in lower panel:
radio observations (Acero et al. 2009, dotted), X-ray observation by Suzaku
(Lazendic et al. 2004, triangle) , γ-ray observation by Fermi-LAT (Aharo-
nian et al. 2007, 2011; H. E. S. S. Collaboration et al. 2018, diamond) and
H.E.S.S. (H. E. S. S. Collaboration et al. 2018, cross).
drodynamical and spectral results from our best-fit calibration
model. The upper panel of Figure 2 shows the radial profile of
the total mass density of the plasma (i.e., shocked/unshocked
ISM and ejecta) at the current SNR age, tage = 446 yr. The
solid line is the result from Model A0, and the thin dashed
line is the result when particle acceleration is not included but
otherwise identical to Model A0. The red, blue and green
bands are the radii of the forward shock (FS), reverse shock
(RS), and contact discontinuity (CD) inferred from observa-
tion (Warren et al. 2005). We can see that our simulation can
reproduce the FS and RS positions 4, but not the case for the
CD. If particle acceleration is efficient (i.e. small γeff ), how-
ever, it has been reported that Rayleigh-Taylor (R-T) instabil-
ity can develop between the FS and CD (e.g., Blondin & El-
lison 2001; Warren & Blondin 2013) and the CD position can
possibly extend outward significantly (also see discussions in
Slane et al. 2014). Our calculation can hence be considered
to be in good agreement with observations on dynamics. The
calculated SED at the same age is plotted in the lower panel.
The observed fluxes are overlaid in the same plot. The agree-
ment is found to be reasonable and reproduces the result of
Slane et al. (2014) in their Model A. It can be seen that Ty-
cho has a soft GeV-to-TeV spectrum from Fermi and VERI-
TAS data, which can be explained by a pi0-decay origin with
4 As mentioned in Section 2, we only consider DSA at the FS in this work
as a smoking-gun evidence of efficient DSA at the RS in SNRs is still absent.
We can see in the upper panel of Fig. 2 the difference between the solid line
and the dashed line which shows the results with and without feedbacks from
an efficient DSA at the FS, respectively. DSA at the RS can be included in
the code relatively easily when such evidence will surface in the future.
a softer than E−2 underlying proton spectrum, but the mech-
anism of spectral softening of the accelerated protons relative
to the canonical E−2 prediction of DSA at a strong shock is
not yet well understood.
RX J1713 is believed to be the product of SN393 which
has been classified as a CCSN, and the SNR has been well
detected in multi-wavelength observations. The origin of the
bright γ-ray emission from RX J1713 is still being intensively
discussed as mentioned above. Fukui et al. (2012) reported
that the azimuthal distributions of H I and H2 gases are con-
sistent with the morphology of the observed TeV γ-rays, sug-
gesting a hadronic origin. The gas distribution exhibits a low-
density cavity surrounded by a dense shell, which has been
suggested to be the result of the stellar wind of the progenitor
prior to SN explosion inside a dense gas cloud. One the other
hand, the observed hard γ-ray spectrum and the absence of
optical signatures of the shock interacting with dense gas sup-
port a leptonic origin. In Model B0, we adopt a simple power-
law ρ ∝ r−2 CSM model without considering the possibil-
ity of shock-cloud interaction, which is similar to the best-fit
model for RX J1713 presented in Lee et al. (2012). The results
are summarized in Fig. 3, which shows the time snapshots of
gas density profile and emission SED at tage = 1625 yr. The
FS position observed by Fermi-LAT (Acero et al. 2016) is
shown by the red shaded region in the upper panel, which is
consistent with the model. The CD and RS locations for this
remnant are not well constrained due to the very faint X-ray
emission from the ejecta. The radio and non-thermal X-ray
spectra can be well-reproduced by the model, and the hard
observed γ-ray spectrum is well-reproduced by an IC origin.
The results are found to be consistent with the model by Lee
et al. (2012).
Our result that the γ-ray emission is dominated by
the IC component can be understood by considering
the spatial distribution of the ambient gas density and
magnetic field. The global magnetic field B0 is
as low as ∼ 6.6 × 10−2(σw/0.004)1/2(M˙/7.5 ×
10−6 M/yr)1/2(Vw/20 km/s)1/2(r/9.5 pc)−1 µG at tage
= 1625 yr, so the amplified magnetic field B2 is also moder-
ate as ∼ 6.4 µG at the same time. This amplified but rel-
atively low B-field behind the shock leads to an inefficient
synchrotron loss such that the electrons can be accelerated to
momenta capable of powering the observed γ-rays through
the IC mechanism. Meanwhile, the ambient gas density also
decreases rapidly as the SNR expands into the wind, so that
the pi0 decay component is effectively suppressed.
We also note that we applied a flux normalization factor,
fnorm = 0.7, for all calculated emissions to match the ob-
servations mainly for two reasons; the distance of the SNR
and a volume filling factor. We assume 1.0 kpc as the dis-
tance of RX J1713 in this work, which involves uncertainty.
While our models assume spherically symmetry, many SNRs
like RX J1713 are not a perfect spherical shell in gamma-rays
(see, e.g., Fig.1(a) in Fukui et al. 2012). In other words, a
prefactor < 1 has to be applied to our spectral SED to ac-
count for this volume filling factor. These uncertainties can
be interpreted as the possible origins of fnorm in our models.
Based on our calibrated models A0 and B0 for an Ia and a
CC SNR respectively, we now parametrically study the time-
evolution of broadband non-thermal SED from SNRs inter-
acting with different ambient environments. We note that we
have chosen an ejecta mass of Mej = 3.0 M to calibrate
with RX J1713 in Model B0, but the ejecta mass can vary
6for different CC SN progenitors and SN types (e.g., Nicholl
et al. 2015). Therefore, for Model B with a power-law CSM
environment, we will survey over two ejecta models with
Mej = 3.0, 10.0 M respectively. Other parameters are kept
identical to Model A0 and B0 unless otherwise specified. The
model parameters are summarized in Table 2.
3.2. Ia SNR models with a uniform ISM-like ambient medium
The left panel of Fig. 4 shows the time-evolution of the
broadband SED from our Type Ia SNR models A1, A2 and
A3 for three different ISM densities, and the right panel
shows the corresponding evolution of the underlying CR dis-
tribution functions. Fig. 5 shows the time-evolution of im-
portant hydrodynamical and DSA outputs. In the GeV to
TeV energy range, as time evolves, the flux of non-thermal
bremsstrahlung (green dash-dotted line) and pi0-decay (red
dotted line) are found to be increasing monotonically, but
there is not much accompanied brightening in the IC compo-
nent (magenta dashed line). This difference in the evolution is
mainly caused by the energy loss of the accelerated particles.
The intensities of non-thermal bremsstrahlung, pi0-decay, and
IC are proportional to the fluxes of the accelerated particles
multiplied by the number density of their respective inter-
action targets, i.e., ISM gas for non-thermal bremsstrahlung
and pi0-decay, and CMB photons for IC. However, the high-
energy flux of the accelerated electrons is highly suppressed
by a fast energy loss due to synchrotron radiation. The
synchrotron loss time-scale, tsyn = 3mec2/4cσTUBγ ∼
130(Ee/10 TeV)
−1(B/100 µG)−2 yr is comparable to the
SNR age with the post-shock magnetic field ∼ 100 µG be-
ing highly amplified in the shock precursor relative to the
unshocked magnetic field B0 = 4.0 µG due to an effi-
cient CR acceleration (see, panel C and E of Fig. 5). On
the other hand, although the proton spectrum also suffers
from energy-loss from p-p inelastic scatterings, even in the
denser case of nISM = 1.0 cm−3, the energy loss time-scale
tpp = 1/σppvpnSNR ∼ 3 × 107R−1tot(nISM/1cm3)−1 yr is
still much longer than the SNR age, so the effect is not signif-
icant on the protons. As a result, the peak of the IC spectrum
shifts to lower energy in the early phase due to the fast syn-
chrotron loss, and the peak flux does not vary much as the
SNR ages.
From the trend of flux evolution, we can see an interesting
leptonic-to-hadronic transition in the moderately dense ISM
case nISM = 0.1 cm−3 at a few 100 yr. The middle panels
in Fig. 4 shows that the dominant flux of TeV range is IC at
tage = 50 yr, while pi0 flux becomes comparable to IC at tage
= 500 yr, and finally pi0 surpasses IC at tage = 5000 yr. On
the other hand, in the thin and dense ISM cases, the transition
does not happen within a few 1000 yr. This behavior is mainly
dictated by the gas density interacting with the shock (see the
uppermost and lowermost panels in Fig. 4).
We also see a systematic steepening of the γ-ray spectra
with age in all models, which reflects the steeping of the
proton spectrum from eq. (3). This effect comes from the
deceleration of the FS with time due to an asymptote from
free-expansion phase to Sedov phase. As a result, vA which
is high due to the amplified B-field becomes non-negligible
compared to the gas velocities in the later phase, and the effec-
tive compression ratio Stot is suppressed. The γ-ray spectrum
hence becomes steeper with time because the spectral index
of the particle distribution function is roughly proportional to
3Stot/(Stot − 1) (Caprioli et al. 2009b). The steepening is
even more prominent in the thin ISM case since vA ∝ ρ−1/2
is larger in these models.
3.3. CC SNR models with a power-law CSM-like ambient
medium
3.3.1. 3 M case
Here we simulate the SNR evolution in a power-law CSM
inside which a CCSN explodes with an ejecta mass of Mej =
3.0 M. The results are shown in Fig. 6 and Fig. 7. The
models correspond to a CSM with M˙ = 10−6, 10−5, 10−4
M/yr for Model B1, B2 and B3 respectively. In the GeV-
TeV spectrum, the IC flux increases, while the pi0-decay and
non-thermal bremsstrahlung fluxes decrease as time proceeds,
which is an opposite behavior compared to the uniform ISM
models we see earlier. Since the CSM has a power-law den-
sity distribution in these CC SNR models, the CSM provides a
dense target for producing pi0-decay and bremsstrahlung pho-
tons effectively which dominate the spectrum in the GeV-TeV
range in the very early phase after the explosion. However,
as the CSM density decreases as r−2, as time passes and
the shock propagates through the wind material, the target
gas density becomes low quickly, so the emission efficiency
through pi0-decay and bremsstrahlung is suppressed accord-
ingly. Moreover, the accelerated particles advected down-
stream from the shock also suffer from adiabatic loss to a
larger extent than Model A due to the fast expansion of the
SNR in a ρ ∝ r−2 wind. As a result, the fluxes of pi0-
decay and non-thermal bremsstrahlung constantly decrease
with age. On the contrary, the target photons of IC which
is CMB here is homogeneous in space. The magnetic field is
also lower than those we see in the uniform ISM cases (see
panel C of Fig. 5 compared to that of Fig. 7). This means syn-
chrotron loss is less important in the CC SNR models. Indeed,
the quick shift of the peak energy of the synchrotron and IC
components which is seen in Fig. 4 does not occur here, and
the IC emission gradually increases with time with the peak
staying at more-or-less the same energy range. These are the
main reasons why the IC photons are constantly produced in
the power-law CSM cases. In the center and bottom panels of
Fig. 6, we can also see a low-energy cutoff in the synchrotron
spectrum in the radio band. This is because free-free absorp-
tion is efficient at early time due to the dense unshocked CSM
in front of the shock. The absorption becomes inefficient with
time however as the SNR shock propagates into the relatively
thin region of the CSM, so the cutoff shifts to lower frequen-
cies.
Our SED evolution model for the CCSN with power-law
CSM cases suggests a hadronic-to-leptonic transition in the
GeV-TeV range if the wind density is moderately dense with
a M˙ = 10−5 M/yr, which is again the exact opposite be-
havior we see in the Ia SN cases with uniform ISM. We sug-
gest that these contrasting spectral evolution and transition of
dominant γ-ray component can be useful for probing the sur-
rounding environment of SNRs, especially in the near future
as the sample of γ-ray SNR observations is enlarged by fu-
ture observatories such as the upcoming observatories such as
CTA (see section 3.6).
3.3.2. 10 M case
The results from our CCSN models with an ejecta mass
Mej = 10 M are shown in Fig. 8. For comparison, the
results of Mej = 3 M are also overlaid. From panel A and
B, it can be seen that while the shock dynamics for the case of
7FIG. 4.— Left panel: time evolution of volume-integrated broadband SED from Type Ia SNR models with different ISM densities. Here tage = 50, 500, 5000
yr moving from left to right panels, and nISM = 0.01, 0.1, 1.0 cm−3 from top to bottom which correspond to Model A1, A2 and A3 respectively. The line formats
are identical to the lower panel of Fig. 2 and Fig. 3. Right panel: time evolution of volume-integrated proton (red) and electron (blue) distribution functions with
different ISM densities. Here nISM = 0.01, 0.1, 1.0 cm−3 moving from top to bottom, and the dotted, dashed and solid lines correspond to tage = 50, 500 and
5000 yr, respectively.
M˙ = 10−6 M/yr and M˙ = 10−5 M/yr are affected by a dif-
ferent ejecta mass, the results for M˙ = 10−4 M/yr are nearly
identical. These differences can be explained by a different
evolutionary phase of the SNR at a given age. In the cases
of M˙ = 10−6 M/yr and M˙ = 10−5 M/yr, the CSM density
is relatively low and the mass swept up by the FS is smaller
than the ejecta mass, the dynamics of these two cases thus
follow the self-similar solution, Rsk ∝ (ESN/MejA)1/5t4/5
and Vsk ∝ (ESN/MejA)1/5t−1/5 (Chevalier 1982a,b), where
A ≡ M˙/4piVw, which depends on the ejecta mass. On
the contrary, the CSM material in the case of M˙ = 10−4
M/yr are dense enough and the swept mass become com-
parable to the ejecta mass at tage ≤ 1000 yr, the dynamics
hence follows the Sedov solution, Rsk ∝ (ESN/A)1/3t2/3
and Vsk ∝ (ESN/A)1/3t−1/3 (Sedov 1959), which are inde-
pendent of the ejecta mass.
As for the other quantities shown in Fig. 8 like B-field and
pmax, the differences are found to be subtle only 5. As a
result, we do not see any remarkable difference in the non-
thermal SED between the 3 M and 10 M models. We can
conclude that it is hard to distinguish the progenitor from the
5 The fact that the shock velocities in the 10 M cases are lower than
those of the 3 M models at any given age implies that the effects of CR
back-reaction and shock modification becomes important at an earlier phase.
This is evident from the slightly higher total compression ratio and amplified
magnetic field, as shown in panel C and D in Fig. 8.
non-thermal emission in the SNR phase, and other informa-
tion which reflect the progenitor properties such as thermal
X-ray emission lines are needed to link an observed SNR to
its progenitor origin. In section 3.5 where we compare our re-
sults to observations, we will only show the results from the 3
M models because of this insensitivity of the γ-ray emission
to ejecta mass.
3.4. A case of pre-SN enhanced mass loss
Results from Model C where the M˙ is boosted to 10−2
M/yr in the last 1000 yr before CC are shown in Fig. 9 and
Fig. 10. Fig. 9 shows the phase-space distributions of the ac-
celerated primary (solid) and secondary (dashed) particles in
the upper panels, and the photon SEDs in the lower panels.
We choose to show the results at tage = 400 (left panels) and
1000 (right panels) yr because these time epochs represent the
phases before and after the shock has crossed the interface at
Rtr between the dense confined CSM and the less dense wind
outside. In this model, the shock reaches Rtr at tage ∼ 600 yr
(see, Fig. 10).
As the FS propagates in the region of dense CSM mate-
rial with density n ∼ 104 cm−3 and a high magnetic field
≥ 1 mG (see, panel C of Fig. 10), the electron maximum
momentum pmax,e is determined by the energy loss time-
scale tloss rather than the age or escape time-scale because
tloss ∼ tsyn ∼ 12B−2−3E−112 yr, where B−3 = B2/10−3G
and E12 = Ee/1012eV, is less than the SNR age at a given
8FIG. 5.— Time evolution of hydro and DSA outputs from our Type Ia
models A1, A2 and A3 in three different ISM densities. Panel A shows the
forward shock radius Rsk, panel B shows the forward shock velocity Vsk,
panel C shows the magnetic field strength immediately downstream from the
forward shock, panel D shows the total shock compression ratio, and panel
E shows the maximum momentum pmax of accelerated protons (thick lines)
and electron (thin lines). In all panels, the red solid, black dotted and blue
dashed lines correspond to the cases of nISM = 0.01, 0.1, 1.0 cm−3,
respectively. The dash-dotted line shows the value of the ambient magnetic
field B0 = 4.0 µG in panel C and the expected compression ratio from a
test-particle (TP) approximation Rtot = 4 in panel D.
time (see, panel E of Fig. 10). However, as the FS breaks
out from the dense inner shell, pmax,e is now limited by their
escape through the FEB because the shock velocity is now
restored to ∼ 4000 km/s and the magnetic field decreases to
∼ 10 µG (see, panel B, C and E in Fig. 10). Therefore, we
can see two cutoffs at p ∼ 10 mpc and p ∼ 103 mpc in
the volume-integrated electron spectrum (upper right panel
in Fig. 9) while the proton spectrum has one cutoff only at
p ∼ 104mpc. These effects of a transition from a dense wind
to a lower density wind also reflects in the spectra of syn-
chrotron, non-thermal bremsstrahlung and IC emission (see,
lower right panel in Fig. 9).
In the radio range of the SED, before the shock breaks
out from the dense region, the dominant component is syn-
chrotron radiation from the primary electrons (solid) and a
spectral cutoff can be seen at Eγ ∼ 10−7 eV due to a strong
free-free absorption. However, after the breakout, the dom-
inant component is now the synchrotron emission from the
secondary electrons and positrons. The reason is as follows.
Electrons accelerated earlier on in the dense wind suffer from
rapid energy loss through synchrotron emission and adiabatic
expansion, and the freshly accelerated electrons in the outer
tenuous wind have a higher pmax as mentioned above, but the
synchrotron radiation from these freshly accelerated electrons
is relatively weak due to a lower magnetic field in the tenuous
wind, therefore the synchrotron flux from the primaries de-
creases with time. On the other hand, the contribution from
the secondaries do not decrease as rapidly because these sec-
ondary particles are produced via pi0-decay not only by the
freshly accelerated protons, but also by the proton accelerated
earlier on in the dense wind continuously as the protons do
not lose their energy as quickly as the electrons. This is why
the transition from primary to secondary dominance happens
in the synchrotron radiation.
We suggest that this transition can potentially constrain the
mass-loss history of massive stars. For example, the spec-
tral index of synchrotron emission produced by the secondary
particles is expected to be different from that produced by
the primary electrons, which is evident from their very dif-
ferent distribution functions as shown in the upper panels of
Fig. 9. In particular, the synchrotron spectrum from the sec-
ondaries tends to be harder in the radio band. In fact, hard
radio indices are usually observed in older SNRs interacting
with dense molecular clouds, such as IC443 (e.g., Castelletti
et al. 2007, 2011). These remnants are also believed to be
producing a significant amount of secondaries. If a harder-
than-expected spectral index will be observed in young SNRs
which is not colliding with any dense cloud at the moment, it
is possible that the SNR has evolved inside a dense confined
CSM in the past, which can provide a hint on an enhanced
mass loss of the progenitor star prior to CC.
3.5. Model versus data
We now try to compare our simulation results to observa-
tion results so far in terms of dynamics (e.g., shock radius
and velocity) and γ-ray luminosity to check if our models are
able to reproduce the bulk properties of observed SNRs. We
include data like SN type, distance, shock radius, shock veloc-
ity, and radio, GeV, and TeV fluxes of SNRs from a younger
age (∼ 100 yr) to middle age (∼ 10, 000 yr). We summarize
these data in Table. 3. The data on SNR radii with errors are
taken from the Fermi catalog (Acero et al. 2016), and those
without errors are determined by the size of the radio rem-
nants and are taken from the SNRcat (Ferrand & Safi-Harb
2012). The flux data is obtained again mainly from the Fermi
and H.E.S.S (H. E. S. S. Collaboration et al. 2018) catalogs
(see Table. 3 for details); those with errors are for detected
SNRs, and those without errors are the upper limits of non-
detected SNRs.
Fig. 11 shows the comparison of dynamical properties in-
cluding the shock radius and shock velocity as a function of
time from our models with observations. The blue data points
are for the Type Ia SNRs and red ones are for the CC SNRs.
We label each SNR by a number as summarized in left panel
of Fig. 11. In general, the overall trend of the observed distri-
bution of shock radius and velocity as a function of SNR age
can be explained by our simulation results for the parameter
space we explored. There exist a few “outliers” which have
9FIG. 6.— Left panel: SED evolution for our CC SNR models in different CSM environments. tage = 50, 500, 5000 yr from left to right and M˙ =
10−6, 10−5, 10−4M/yr from top to bottom which corresponds to Model B1, B2 and B3 respectively. The lines shown have the same format as in left panel
of Fig. 4. Right panel: time-evolution of CR distribution function. M˙ = 10−6, 10−5, 10−4 M/yr from top to bottom. The lines shown have the same
format as in right panel of Fig. 4.
small radii and velocities, which can be interpreted as SNRs
interacting with a medium denser than what our models have
considered. In fact, many of these are known to be interacting
with dense molecular clouds at the moment.
Fig. 12 shows the time-evolution of the luminosity in three
different energy ranges. The upper left panel shows the lu-
minosity of 1 GHz radio continuum emission, which reflects
the time-evolution of synchrotron spectrum for both the uni-
form ISM cases and power-law CSM cases (see also, Fig 4
and Fig 6). Since synchrotron emissivity is proportional to
the flux of accelerated electrons and the square of the local
magnetic field strength, for the magnetic field which is con-
stantly distributed in the uniform ISM cases, the synchrotron
emissivity does not vary much and the spectral peak shifts to
a lower energy with time, similar to the IC component previ-
ously discussed in sec. 3.2. On the other hand, in a power-law
CSM case, the magnetic field decreases in proportion to r−1,
the synchrotron flux then also decreases with time just as the
pi0-decay γ-rays do. Thus, radio luminosity increases gradu-
ally with time as a volume effect in the uniform ISM cases,
but decreases in the power-law CSM cases.
The upper right and lower left panels show the GeV lu-
minosity integrated from 1 GeV to 100 GeV and TeV lumi-
nosity from 1 TeV to 10 TeV as a function of age, respec-
tively. For the uniform ISM cases, while the GeV luminosity
increases with time, TeV luminosity decreases. At the bot-
tom end of the predicted flux which corresponds to the case
of nISM = 0.01 cm−3, the γ-rays are dominated by IC at
all time, and the decrease of the TeV flux can be understood
as the energy loss of the highest-energy electrons. For the
other two cases with a denser ISM, the trend reflects the time
evolution of not only the normalization but also the shape of
the pi0-decay spectra predicted by these models. As seen in
Fig. 4, the pi0-decay spectrum become softer as time passes
by. The reason has been discussed in the end of sec. 3.2,
which is mainly because of the increasing importance of the
effect from vA, i.e., the velocity of the magnetic scattering
centers. As the shock sweeps up more material as the SNR
ages, the pi0-decay flux increases with time in general, but the
TeV flux decreases due to a spectral softening of the underly-
ing proton distribution.
On the other hand, in the power-law CSM cases, both GeV
and TeV luminosity decrease only in the case of the densest
wind with M˙ = 10−4M/yr, but increase in the other two
cases. This can be easily understood according to the dis-
cussion above in sec. 6 on the evolution of IC and pi0-decay
fluxes, and the dominant component is pi0-decay in the case
of M˙ = 10−4M/yr.
Here, to obtain the data points from the γ-ray observations,
we assume that the observed spectra have a simple power-law
distribution, so that the integrated luminosity can be calcu-
lated using the following expression,
L∆ = 4pid
2
SNR
(−Γ + 1)(E−Γ+2max − E−Γ+2min )
(−Γ + 2)(E−Γ+1max − E−Γ+1min )
F∆, (12)
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FIG. 7.— Time evolution of hydro and DSA outputs from model B1, B2,
and B3. In all panels, the red solid, black dotted and blue dashed lines cor-
respond to the cases of M˙ = 10−6, 10−5, 10−4 M/yr respectively. The
line formats are identical to Fig 5.
where F∆,Γ, dSNR, Emin, Emax are the integrated flux, pho-
ton index, distance to the SNR, minimum and maximum en-
ergies of the integrated energy range.
The radio luminosities from observations of both Type Ia
and CC SNRs can be bulkly reproduced by our models with a
few outliers such as Cas A and middle-aged SNRs interacting
with MCs. As for the GeV and TeV observations, the statis-
tics is still clearly very poor due to the small sample size of
detected sources, so at the moment the comparison with the
models is only preliminary. For older CC SNRs, a few out-
liers are found with significantly higher luminosities than our
results. These are again mostly middle-aged SNRs interact-
ing with dense MCs which are not covered by our parameter
space.
The lower right panel shows the ratio of GeV to TeV lu-
minosities which roughly quantifies the γ-ray spectral shape.
Two trends can be seen in the result: one trend rises with
time, and the other is nearly flat. These can be possibly ex-
plained by our discussion on flux evolution above. If pi0-
decay is the dominant emission in γ-rays, the GeV luminosity
FIG. 8.— Same as Fig. 7, but with an ejecta mass of Mej = 10.0 M.
Only the pmax of protons is plotted here in panel E for clarity. The thick red
solid, black dotted, and blue dashed lines show the results of model B4, B5,
and B6. For comparison, thin lines show the results of the 3M case as in
Fig. 7.
increases and TeV luminosity decreases with time in uniform-
ISM cases, and as a result, the ratio increases with time, while
the ratio in power-law CSM case becomes nearly flat regard-
less of time because both GeV and TeV luminosities decrease
with time, and case. If, however, IC is the dominant contrib-
utor, the SED evolves without changing its shape, so the ra-
tio does not vary in any significant way with time. Indeed,
the observation data also appear to split into two regions;
LGeV/LTeV ∼ 1 and LGeV/LTeV ≥ 10 despite the poor
statistics. If both GeV and TeV emissions can be observed
from an increased number of SNRs in the future, we will be
able to see if the SNRs will segregate into two groups in this
plot, which can make this quantity a useful probe of the am-
bient environment and hence the progenitor origin of SNRs.
3.6. Prospects for Cherenkov Telescope Array
An instrument which can observe over a broad energy range
from GeV to TeV energies with a high sensitivity, such as the
Cherenkov Telescope Array (CTA), is ideal for a systematic
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FIG. 9.— Time-evolution of the volume-integrated distribution function of the accelerated particles (upper panels) and broadband emission SED (lower panels),
which correspond to Model C. Left and right panels show the results at tage =400, 1000 yr, respectively. In the upper panels, the red solid, blue solid and orange
dashed lines correspond to the primary protons, electrons, and secondary electrons/positrons, respectively. In the lower panels, the thick lines show the emission
produced by the primary particles, and the thin lines are by the secondaries. The line colors are the same as Fig. 4.
investigation as introduced in this study. CTA can achieve an
unprecedented sensitivity superior to existing detectors in the
20 GeV to 100 TeV energy range. With CTA, we expect that
the number of detected γ-ray emitting SNRs will increase by
roughly a factor of 10, which is essential for understanding
the SNR population and their ambient environments.
Here, we compare the calculated TeV luminosity from our
Ia and CC SNR models with the CTA sensitivities to predict
the horizons for SNRs residing in different types of ambi-
ent environments. Fig. 13 shows the range of model TeV
luminosity and CTA sensitivities for different source dis-
tances. These sensitivities are calculated using the differen-
tial sensitivity curve assuming an observation time of 50 h
(see, for details, http://www.cta-observatory.org/science/cta-
performance/ (version prod3b-v1)). We do not consider the
possibility of source confusion, (fore-)background contami-
nation and other complications for simplicity.
For SNRs with dSNR = 1.0 kpc, we see that, within the pa-
rameter range of our models, they are easily detectable regard-
less of age or ambient environment. For dSNR = 5.0 kpc,
the detectability starts to depend on the SN type, age and en-
vironment. For both the southern and northern sky, the CC
SNRs should be observable irrespective of age and environ-
ment. The Ia’s are also detectable except for those in the
southern sky with tage ≥ 2000 yr interacting with a very tenu-
ous nISM ∼ 0.01 cm−3 environment, or those in the northern
sky with a density nISM ≤ 0.1cm−3. For dSNR = 10.0 kpc,
the sensitivity for the southern sky is roughly the same as
that of the northern sky for dSNR = 5.0 kpc. SNRs in
the northern sky can be detected if the environment is dense,
with nISM ∼ 1.0 cm−3 for an Ia in a uniform ISM or M˙ ≥
10−5 M/yr for a CC in a wind. So, let nISM = 0.1 cm−3
and M˙ = 10−5 M/yr to be the typical values for an ISM-
like and a power-law CSM-like environments, respectively,
we can conclude that the CTA has a sufficient sensitivity to
observe most Type Ia SNRs with dSNR ≤ 5.0 kpc and CC
SNRs with dSNR ≤ 10.0 kpc and younger than 5000 yr,
provided that they have a particle acceleration efficiency sim-
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FIG. 10.— Time evolution of various values using model C. The values of
each panel shows are the same as Fig. 5 and Fig. 7.
ilar to Tycho and RX J1713. These results are encouraging
in that the number of the SNRs whose VHE emission will
be detected at a distance dSNR ≤ 5.0 kpc will dramatically
increase in the CTA era.
4. CONCLUSION
In this study, we model the time evolution of SNRs using
a hydrodynamical simulation coupling with efficient particle
acceleration based on previous works (e.g., Blasi 2004; Capri-
oli et al. 2010a,b; Lee et al. 2012), and investigate how their
broadband non-thermal SEDs evolve in various kinds of am-
bient environments. We prepare three models for the ambi-
ent medium, including a uniform ISM-like case for Type Ia
SNRs, a power-law CSM from a steady isotropic stellar wind
for CC SNRs, and a case with a pre-SN enhanced mass-loss
from a massive star that creates a dense confined CSM shell
surrounding the ejecta.
In the Ia models with a uniform ISM, while the pi0-decay
flux increases with time, IC flux does not vary much with its
spectral peak shifting to lower energy as the SNR ages. In the
CC models with a simple power-law CSM, while pi0-decay
flux decreases with time, the IC contribution increases with
time on the contrary. We found that the key aspects that dic-
tate these evolutionary trends are the density distribution of
the interaction targets for each emission component, and the
rate of energy loss of the electrons due to synchrotron radia-
tion. In our models, since the interaction target is the ambi-
ent gas for pi0-decay and the uniform CMB radiation field for
IC, the spatial distribution of the ambient gas density is a key
to understand the evolution of the γ-ray spectrum, including
a possible transition between a leptonic and a hadronic ori-
gin at a certain evolutionary stage. Moreover, the accelerated
electrons lose their energy via synchrotron radiation due to
a highly amplified magnetic field in the uniform ISM cases.
Our results are consistent with the previously proposed pic-
ture that the ISM/CSM gas density decide the dominant com-
ponent of γ-ray emission from a SNR (e.g., Yuan et al. 2012).
In addition, we propose that not only the number density of
the ambient environment but also the distribution of magnetic
field is also important in understanding the time-evolution of
VHE emission. In the case of an enhanced mass loss from
a massive star progenitor, the production of secondary parti-
cles are found to be very efficient in the dense confined CSM
shell and contribute importantly to the overall SED. For ex-
ample, they can dominate the synchrotron radiation after the
SNR breaks out from the shell into a tenuous wind.
A comparison between our models and observations show a
broad agreement. A dramatic enlargement of the sample size
of γ-ray emitting SNRs is anticipated in the CTA era to fur-
ther constrain the parameter space in our systematic survey
of SNR broadband models. CTA will have a sufficient sen-
sitivity to detect VHE emission from most Ia and CC SNRs
in various environments with a distance within ∼ 5.0 kpc.
Future observations by CTA will reveal the detailed morpho-
logical and spectral properties of γ-ray emissions from SNRs
and make important progress on our understanding of particle
acceleration mechanism at astrophysical collisionless shocks.
We note that the current study has only examined several
simple models for the ambient environment, which in reality
can be much more complicated such as the presence of a cav-
ity, dense shells, clumpy winds and MCs, etc. Our code is
designed to be modular which makes it easy for us to expand
into a broader parameter space, including more complicated
models for the environment. In future work, we will also ex-
plore other important physics such as the acceleration of heav-
ier ions, thermal X-ray line emission, radiative shocks and so
on.
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from the Kyoto University Foundation.
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luminosity as a function of time. The format of lines and data in all panels is the same as in Fig. 11.
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FIG. 13.— TeV luminosity as a function of time from our models com-
pared with CTA sensitivities assuming different SNR distances. The green
(yellow) lines show the sensitivities of CTA at the north (south) site for a
source distance of 1.0 (dotted), 5.0 (dashed) and 10.0 (solid) kpc.
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TABLE 1
SED REFERENCES
SNR radio X-ray GeV γ-ray TeV γ-ray
G34.7−0.4 - - Ackermann et al. (2013) -
Giuliani et al. (2011)
G111.7−2.1 Artyukh et al. (1967) Maeda et al. (2009) Abdo et al. (2010) Acciari et al. (2010)
Wang & Li (2016) Sinitsina & Sinitsina (2015)
Ahnen et al. (2017)
G120.1+1.4 Kothes et al. (2006) Troja et al. (2014) Giordano et al. (2012) Acciari et al. (2011)
Archambault et al. (2017) Archambault et al. (2017)
G189.1+3.0 Tavani et al. (2010) Albert et al. (2007)
Ackermann et al. (2013) Acciari et al. (2009)
G260.4−3.4 Hewitt et al. (2012) Xin et al. (2017) H. E. S. S. Collaboration et al. (2015)
Planck Collaboration et al. (2016)
G266.2−1.2 Duncan & Green (2000) Tanaka et al. (2011) H.E.S.S. Collaboration et al. (2018a)
G327.6+14.6 Allen et al. (2001) Bamba et al. (2008) Condon et al. (2017) Acero et al. (2010)
G347.3−0.5 Lazendic et al. (2004) Tanaka et al. (2008) Abdo et al. (2011) Aharonian et al. (2007)
Acero et al. (2009) Aharonian et al. (2011)
H. E. S. S. Collaboration et al. (2018)
NOTE. — The SED data references in each wavelength in Fig. 1, Fig. 2, and Fig. 3.
TABLE 2
MODEL PARAMETER
Model Mej nISM M˙ Vw M˙2 Vw,2 χinj
[M] [cm−3] [M yr−1] [km s−1] [M yr−1] [km s−1]
A0a 1.4 0.3 - - - - 3.6
A1 1.4 0.01 - - - - 3.6
A2 1.4 0.1 - - - - 3.6
A3 1.4 1.0 - - - - 3.6
B0b 3.0 - 7.5×10−6 20 - - 3.75
B1 3.0 - 1.0×10−6 20 - - 3.75
B2 3.0 - 1.0×10−5 20 - - 3.75
B3 3.0 - 1.0×10−4 20 - - 3.75
B4 10.0 - 1.0×10−6 20 - - 3.75
B5 10.0 - 1.0×10−5 20 - - 3.75
B6 10.0 - 1.0×10−4 20 - - 3.75
Cc 10.0 - 5.0×10−6 15 0.01 1000 3.75
a All model A use an exponential profile for the ejecta, ESN = 1051 erg, T0 = 104 K, B0 = 4.0 µG, and dSNR = 3.2 kpc.
b All model B use a power-law profile for the ejecta with npl = 7, ESN = 1051 erg, T0 = 104 K, σw = 0.004, and dSNR = 1.0 kpc.
c This model uses a power-law profile for the ejecta with npl = 7, ESN = 1051 erg, T0 = 104 K, npl,2 = 1.5, and dSNR = 1.0 kpc.
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